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The isovector time-reversal- and parity-violating pion–nucleon coupling g¯(1)π is uniquely sensitive to 
dimension-six interactions between right-handed light quarks and the Standard Model Higgs doublet 
that naturally arises in left-right symmetric models. Recent work has used the g¯(1)π -induced one-loop 
contribution to the neutron electric dipole moment dn, together with the present experimental dn bound, 
to constrain the CP-violating parameters of the left-right symmetric model. We show that this and related 
analyses are based on an earlier meson theory dn computation that is not consistent with the power-
counting appropriate for an effective ﬁeld theory. We repeat the one-loop calculation using heavy baryon 
chiral perturbation theory and ﬁnd that the resulting dn sensitivity to g¯
(1)
π is suppressed, implying more 
relaxed constraints on the parameter space of the left-right symmetric model. Assuming no cancellations 
between this loop contribution and other contributions, such as the leading order EDM low-energy 
constant, the present limit on dn implies |g¯(1)π |  1.1 × 10−10.
Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Electric dipole moments (EDMs) of neutral atoms, molecules, 
and the neutron provide sensitive probes of new sources of time-
reversal (T) and parity (P) violation. Current upper limits on the 
EDMs of the 199Hg atom [1], dA(199Hg), and neutron [2], dn , place 
tight constraints on the QCD vacuum angle within the Standard 
Model (SM) as well as on possible sources of sources of CP-
violation (CPV) arising from physics beyond the SM (BSM).1 The 
existence of BSM CPV is needed in order to explain the cosmic 
baryon asymmetry (for a recent review, see Ref. [3]). If the asym-
metry had been generated at temperatures of order of the elec-
troweak (EW) scale, then dn provides a particularly sensitive probe.
At energies below the scale of BSM interactions Λ but above 
the EW scale, one may characterize the effects of BSM CPV inter-
actions in terms of an effective theory involving only SM ﬁelds:
LCPV = LCKM +Lθ¯ +LeffBSM, (1)
* Corresponding author.
1 In what follows, we assume CPT conservation, so that the signal for a non-
vanishing neutron EDM would also indicate the presence of CP-violation.http://dx.doi.org/10.1016/j.physletb.2014.07.014
0370-2693/Published by Elsevier B.V. This is an open access article under the CC BY licenwhere LCKM and Lθ¯ denote the SM Cabibbo–Kobayashi–Maskawa 
(CKM) [4] and QCD vacuum angle [5–7] CPV Lagrangians, respec-
tively, and
LeffBSM =
1
Λ2
∑
i
α
(6)
i O
(6)
i + · · · (2)
gives the set of non-renormalizable CPV effective operators at the 
weak scale v = 246 GeV generated by BSM physics at a scale 
Λ > v . For brevity, we have indicated only those entering at di-
mension (d) six, while the + · · · indicate those of higher dimen-
sion.2 Among the more widely considered d = 6 CPV operators are 
the elementary fermion EDMs, the quark chromo-EDMs, and the 
Weinberg three-gluon operator.
In this study, we focus on one particular d = 6 operator that 
naturally arises in left-right symmetric model (LRSM) extensions 
of the SM, that gives rise to EDMs of nucleons, nuclei, and dia-
magnetic atoms, and that has received considerably less attention 
2 A complete list of dimension six operators may be found in Ref. [8], while those 
directly relevant to EDMs are listed in Tables 3 and 4 of Ref. [9].se (http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
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theory:
Oϕud = i
(
ϕ˜†Dμϕ
)
u¯Rγ
μdR , (3)
where ϕ is the Higgs doublet, ϕ˜ = iτ2ϕ∗ , Dμ is the SU(2)L ×U(1)Y
covariant derivative and uR (dR ) is the right-handed up-quark 
(down-quark) ﬁeld. In LRSMs, the corresponding Wilson coeﬃcient 
Cϕud is generated by mixing between the left- and right-handed 
W bosons in the presence of either spontaneous CPV and/or ex-
plicit CPV in the right-handed quark CKM matrix.
After electroweak symmetry-breaking wherein ϕT → (0, v/√2), 
the exchange of the W± contained in the covariant derivative with 
a left-handed quark current leads to an effective four quark inter-
action3
LeffLR,CPV = −i
ImCϕud
Λ2
[
d¯Lγ
μuLu¯RγμdR − u¯Lγ μdLd¯RγμuR
]
. (4)
The interaction in Eq. (4) breaks isospin symmetry, thereby giving 
rise to, among other interactions, the isovector TVPV πNN inter-
action:
LTVPVπN, I=1 = g¯(1)π N¯π0N, (5)
where N and π0 are the nucleon and neutral pion ﬁelds, respec-
tively. This interaction leads to long-range contributions to the nu-
clear Schiff moment that induces dA(199Hg) as well as long-range 
contributions to dn that can be computed in chiral perturbation 
theory. The present limits on these EDMs, thus, imply constraints 
on the mass MWR of the right-handed W -boson and associated 
CPV phases in the LRSM.
Following this line of reasoning, the authors of Refs. [11,12]
have derived constraints on MWR and the strength of spontaneous 
CPV in the LRSM from the limits on dn and the corresponding im-
plications of CPV in the neutral kaon sector. The results imply that 
MWR > 10 TeV. In related work, the authors of Ref. [13] observed 
that Oϕud will also induce a semi-leptonic CPV operator that con-
tributes to neutron decay. Even without specifying to the LRSM, 
the dn limits on Cϕud then constrain the magnitude of possible 
effects in T-odd neutron decay correlations. In both cases, the dn
constraints relied on an earlier pion-loop calculation performed by 
the authors of Ref. [14] using a relativistic meson–nucleon ﬁeld 
theory approach. The results indicate that the leading term in dn
resulting from the interaction (5) is proportional to the neutron 
anomalous magnetic moment κn and is independent of the pion-
to-nucleon mass ratio, mπ /mN . From the standpoint of effective 
ﬁeld theory (EFT), this result is surprising, as the anomalous mag-
netic moment vertex brings in an inverse power of the nucleon 
mass while consistent power counting in chiral perturbation the-
ory requires that loops only bring in momenta of order of the pion 
mass. The absence of any mπ /mN suppression in the computation 
of Ref. [14] is not consistent with this expectation.
In what follows, we repeat the pion loop computation as-
sociated with (5) using heavy baryon chiral perturbation theory 
(HBChPT) [15] and show that the result proportional to g¯(1)π κn is 
suppressed by (mπ/mN)2 ∼ 0.02. HBChPT implements the power 
counting required by an EFT by expanding about both the static 
nucleon (mN → ∞) and chiral (mπ → 0) limits. Our results im-
ply considerably weaker constraints on Cϕud from the long-range 
contribution to dn than obtained in the studies of Refs. [11–13]. 
Presently uncalculable short-distance contributions associated with 
loop momenta of order one GeV that reside in the nucleon EDM 
3 Corrections due to the evolution of the four quark interaction to hadronic scales 
are minor, see the discussion in Ref. [10].counterterm may imply stronger constraints as suggested by naïve 
dimensional analysis (NDA). In this context, one may view the 
relativistic meson theory computation of Ref. [14] as providing 
a model estimate of the short-distance contributions. Generally 
speaking, however, both the sign and magnitude of NDA and/or 
model estimates for the short distance contributions are subject to 
uncertainty, so the most conservative implications will be inferred 
from the calculable long-distance terms.
In this respect, we note that the diamagnetic EDMs provide 
an in principle more robust benchmark than dn , as the nuclear 
Schiff moment arises from tree-level pion exchange between two 
nucleons and is relatively free from the uncertainties associated 
with short-distance contributions. In practice, the many-body nu-
clear theory uncertainty associated with the interaction (5) are 
substantial [9], with the situation for 199Hg being particularly un-
settled. Looking to the future, storage-ring searches for EDMs of 
light nuclei such as the deuteron or 3He nucleus [16] would pro-
vide theoretically cleaner probes of Oϕud since the short-distance 
contributions to such EDMs are relatively minor and since the few-
body nuclear theory is well under control [17]. In the immediate 
term, however, the long-range contribution to dn appears to be the 
most trustworthy avenue for accessing Oϕud .
In the remainder of this paper, we discuss the details of our 
calculation. In Section 2 we summarize the HBChPT framework as 
it applies to the computation of TVPV observables and give the 
details of our nucleon EDM computation. In Section 3 we compare 
our results with those of Ref. [14]. We discuss the implications and 
summarize in Section 4.
2. HBChPT calculation
Loop computations performed with a relativistic meson–nucleon 
ﬁeld theory and dimensional regularization include explicit contri-
butions from loop momenta of order mN , thereby eliminating the 
possibility of a consistent power counting.4 In HBChPT [15], one 
removes these contributions by ﬁrst redeﬁning the nucleon de-
grees of freedom in terms of heavy ﬁelds having ﬁxed velocity v
Nv = 1+ /v
2
eimN v·xN, (6)
where
pμ =mNvμ + kμ, (7)
with k being a residual momentum. We henceforth omit the “v” 
subscript. Derivatives acting on the heavy ﬁelds give the small 
residual momenta, and the propagator of a heavy-nucleon ﬁeld no 
longer contains the nucleon mass. The results of loop integrals in-
volving the N ﬁelds then scale with powers of Q /mN and Q /Λχ , 
where Q is of order mπ or the external momentum (assumed to 
be well below one GeV), Λχ = 2π Fπ is the scale of chiral symme-
try breaking, and Fπ = 186 MeV is the pion decay constant.5 One, 
thus, obtains a consistent EFT power counting.
The HBChPT interactions are constructed from the heavy nu-
cleon and pion ﬁelds, the velocity vμ , and the spin Sμ with 
S = (σ/2, 0) in the nucleon rest frame v = (0, 1). It is also use-
ful to project vectors in their components parallel and orthogonal 
to the velocity. We use a subscript ⊥ to denote the perpendicular 
components. For example, the perpendicular covariant derivative is
Dμ⊥ =Dμ − vμv ·D. (8)
4 A relativistic approach can provide a reliable power counting if more compli-
cated regularizations schemes are applied, for a review see Ref. [18].
5 Note that other work in HBChPT uses fπ = Fπ /2.
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tations and translations. Under boosts, the HBChPT operators are 
only invariant order by order in the Q /mN expansion, leading 
to non-trivial constraints on the interactions in the effective La-
grangian and on their coeﬃcients [15,19].
The resulting, leading order (LO) P- and T-conserving La-
grangian for f fermion ﬁelds is (see Ref. [20] for more details)
L(0) = 1
2
Dμπ · Dμπ − m
2
π
2D
π2
+ N¯
(
iv ·D− 2gA
Fπ
Sμτ · Dμπ
)
N, (9)
where gA = 1.27 is the pion–nucleon axial-vector coupling. At LO, 
electromagnetism can be included by making the derivatives in 
Eq. (9) covariant under Uem(1),
(Dμπ)i → (Dμ,emπ)i = 1
D
(∂μδi j + eAμ3i j)π j,
DμN →Dμ,emN =
[
∂μ + i
F 2π
τ · (π × Dμ,emπ)
+ ie
2
Aμ(1+ τ3)
]
N, (10)
where e is the proton charge, e > 0 and D = 1 + π2/F 2π . For 
brevity, in the following we omit the label “em”.
The anomalous magnetic moment that is of particular interest 
to this work ﬁrst appears at next-to-leading order (NLO) in Q /mN , 
together with the nucleon kinetic energy, a recoil correction to 
the axial pion–nucleon coupling, the nucleon sigma term, and the 
proton–neutron mass difference
L(1) = − 1
2mN
N¯D2⊥N +
gA
FπmN
(iv · Dπ) · N¯τ S ·D−N
+ 1
4mN
εαβμν vα N¯ Sβ
[
(1+ κ0) + (1+ κ1)τ3
]
NeFμν
− mN
(
1− 2π
2
F 2π D
)
N¯N + δmN
2
N¯
(
τ 3 − 2π3
F 2π D
τ ·π
)
N
+ . . . . (11)
Here, κ1 and κ0 are the isovector and isoscalar anomalous mag-
netic moments (AMMs), κ1 = 3.7, κ0 = −0.12, and mN and δmN
the nucleon sigma term and nucleon mass splitting originating in 
the quark masses. A lattice calculation found δmN = 2.26 MeV [21], 
while evaluations of mN range between 45 and 60 MeV [22]. The 
“+ · · ·” in Eq. (11) denote other operators with chiral index  = 1, 
like the pion mass splitting term, which are not relevant for our 
discussion.
In Eq. (11), the nucleon AMM couples to the magnetic ﬁeld, 
and this interaction does not contribute directly to the nucleon 
EDM. However, the AMM does couple to the electric ﬁeld at next-
to-next-to-leading order (NNLO) through the spin–orbit interaction 
that appears in  = 2 Lagrangian:
L(2) = gA
4m2N Fπ
Dμπ ·
(
N¯τ SμD2⊥,−N − N¯τDμ⊥,−S ·D⊥,−N
)
− i
16m2N
εαβμν N¯ Sα
[
(1+ 2κ0)
+ (1+ 2κ1)τ3
]Dβ,⊥,−NeFμν + . . . . (12)
The ﬁrst term in Eq. (12) is a relativistic correction to gA , 
while the second term is the spin–orbit nucleon–photon coupling. Reparametrization invariance ﬁxes the coupling constant of the in-
teractions in Eq. (12) in terms of the couplings in Eqs. (9) and (11)
[15,19].
Next we list the TVPV interactions originating in the four-quark 
operator in Eq. (4). The construction of these interactions has 
been discussed in detail in Ref. [23], and here we only summa-
rize the results. As already mentioned, the isovector TVPV pion–
nucleon interaction in Eq. (5) with coupling g¯(1)π is induced at 
leading order. Additionally, the quantum numbers of the neu-
tral pion allow the existence of a pion tadpole term. This tad-
pole can be removed from the Lagrangian via a ﬁeld redeﬁnition 
of the pion and nucleon ﬁelds [24]. These ﬁeld redeﬁnitions in-
duce an additional LO contribution to the isovector TVPV pion–
nucleon that can be absorbed into g¯(1)π . The tadpole removal also 
induces a contribution to the isoscalar TVPV pion–nucleon interac-
tion
LTVPVπN, I=0 = g¯(0)π N¯τ ·πN. (13)
Though formally LO, this contribution vanishes in the isospin 
limit mu = md and is suppressed by the ratio g¯(0)π /g¯(1)π = −δmN/
(2mN ) 	 −0.02.
We ﬁnd that there exist no NLO corrections proportional to g¯(1)π
and g¯(0)π , because they depend on structures like (1 ± /v)(1 ∓ /v)
that vanish. The ﬁrst non-vanishing corrections proportional to g¯(1)π
appear at NNLO and are given by
LTVPV(NNLO)πN, I=1 = −
g¯(1)π
4m2N
(Dνπ3)N¯
[
Sμ, Sν
]Dμ,−N
− g¯
(1)
π
8m2N
π3N¯D2⊥,−N. (14)
For brevity, we do not list the remaining NLO and NNLO TVPV 
interactions [23] that are not relevant for the present discussion.
Finally, the combination of Eq. (4) and electromagnetic interac-
tions gives rise to the EDM interaction
LTVPVem = −2N¯
(
d¯0 + d¯1τ 3
)
SμNvν Fμν + . . . , (15)
where d¯0 and d¯1 are, respectively, the isoscalar and isovector short-
range contributions to the nucleon EDM and the “+ · · ·” stand for 
terms with one or more pions or relativistic corrections not rele-
vant for the discussion here.
We now compute the contributions to the nucleon EDM gener-
ated by the interactions in Eqs. (5), (9), (11)–(15). In the HBChPT 
framework, the EDM enters as a TVPV contribution to the nucleon 
EM current:
JμTVPV(q) = 2i(d0 + d1τ3)
(
S · qvμ − Sμv · q + . . .), (16)
where qμ is the four-momentum of the outgoing photon and
LTVPVγ N = − JμTVPVAμ. (17)
The dots in Eq. (16) denote relativistic corrections to the lead-
ing order current. The neutron (proton) EDM is given by d0 − d1
(d0 + d1). For virtual photons, the nucleon EDMs become the elec-
tric dipole form factors (see, e.g., Refs. [25–27]). For purposes of 
our calculation, however, we focus on the static limits.
Contributions to the nucleon EDM arise from tree-level dia-
grams involving the short-range interactions in Eq. (15) and from 
one-loop diagrams involving the TVPV pion–nucleon vertices. The 
largest one-loop diagrams involve the P- and T-conserving vertices 
from Eq. (9) only, while corrections appear due to insertions of 
vertices from Eq. (11) or (12).
150 C.-Y. Seng et al. / Physics Letters B 736 (2014) 147–153Fig. 1. One-loop diagrams contributing to the nucleon EDMs at next-to-next-to-leading order. Solid, dashed and wavy lines represent the propagation of nucleons, pions and 
photons, respectively. A square marks the isovector TVPV interaction from Eq. (5), other vertices representing the T- and P-conserving interactions. Each circle on the vertex 
represents a suppression factor proportional to 1/mN . For simplicity only one possible ordering is shown.
Fig. 2. One-loop diagrams contributing to wave function renormalization. The notation is as in Fig. 1.
Fig. 3. Representative one-loop diagrams contributing at order (mπ /mN )2 to the proton EDM proportional to g¯
(1)
π and independent of the anomalous magnetic moment 
coupling. The notation is as in Fig. 1.The contributions to d0,1 proportional to g¯
(1)
π and g¯
(0)
π up to 
order O(Q /mN ) have been computed previously in Refs. [27,28], 
and they are independent of κ0,1. The reason being that O(Q /mN )
electromagnetic interactions given in Eq. (11) do not contribute to 
the nucleon EDM since the interaction with the external ﬁeld is 
purely magnetic in the rest frame of the nucleon. The contributions 
proportional to the AMMs therefore enter at O(Q /mN)2 and are 
generated by the vertex correction diagrams in Fig. 1 along with 
the corresponding wave function renormalization graphs in Fig. 2. 
Because g¯(0)π /g¯
(1)
π is small, at this order we focus on diagrams in-
volving g¯(1)π only. The number of open circles indicates the order in 
the (Q /mN) expansion. Again, because the O(Q /mN) electromag-
netic interactions are purely magnetic, the contributions from the 
topologies of Figs. 1(a)–(c) vanish individually. We also ﬁnd that 
the sum of contributions proportional to g¯(1)π that arise from the 
O(Q /mN )2 wave function renormalization vanish. The only sur-
viving, non-vanishing contribution is generated by the topology of 
Fig. 1(d).
At O(Q /mN)2, an additional set of contributions to the proton 
EDM proportional to g¯(1)π are generated by the graphs in Fig. 3. 
The latter contain only the coupling to the nucleon charge and 
various combinations of (a) O(Q /mN) corrections to the πNN
interactions and nucleon propagator as well as (b) O(Q /mN)2 cor-
rections to one of the couplings or propagator and LO interactions 
for the remaining components of the diagram. Finally, at this order 
in principle contributions appear due to two-loop diagrams involv-
ing g¯(1)π and LO P- and T-conserving vertices. However, the sum of 
these diagrams vanishes.
Before giving our result, we ﬁrst quote the LO and NLO re-
sults, including the contributions involving both g¯(1)π and g¯
(0)
π . It 
should be noted that the results involving g¯(0)π are actually sup-
pressed by the smallness of g¯(0)π /g¯
(1)
π for the CPV source in Eq. (4). 
The LO contribution proportional to g¯(0)π has been ﬁrst calculated 
in Ref. [28], while the NLO corrections have been calculated in 
Refs. [27]. Together they givedLO+NLO0 = d¯0 −
egA
4π2Fπ
πmπ
4mN
(
3g¯(0)π + g¯(1)π
)
,
dLO+NLO1 = d¯1 −
egA
4π2Fπ
[
g¯(0)π
(
L − ln m
2
π
μ2
+ 5π
4
mπ
mN
)
+ π
4
mπ
mN
g¯(1)π
]
. (18)
The contribution of g¯(0)π to the isovector EDM is UV divergent, with 
divergence encoded in the factor
L ≡ 2
4− d − γE + ln4π, (19)
in terms of number of space-time dimensions d and the Euler–
Mascheroni constant γE . The divergence is absorbed by the low-
energy constant d¯1, which also contains an a priori unknown non-
vanishing ﬁnite contribution. It is conventional to absorb L entirely 
into d¯1, thereby isolating the terms non-analytic in quark mass 
that are unique to the loops. Notice that, at this order, the g¯(1)π
terms do not contribute to the neutron EDM. For the interaction 
Cϕud in Eq. (4), this implies that the largest non-analytic contribu-
tions only affect the proton EDM because g¯(0)π is suppressed.
At NNLO, g¯(1)π contributes to the nucleon EDM via the diagrams 
in Figs. 1 and 3. At this order in the Q /mN expansion, we neglect 
small g¯(0)π m2π/m
2
N corrections, and only give terms proportional to 
g¯(1)π . We ﬁnd that the contributions are divergent:
dNNLO0 =
egA g¯
(1)
π
64π2Fπ
m2π
m2N
[
(5+ 4κ1)
(
L − log m
2
π
μ2
)
+ 1
]
,
dNNLO1 =
egA g¯
(1)
π
64π2Fπ
m2π
m2N
[
(5+ 4κ0)
(
L − log m
2
π
μ2
)
+ 1
]
. (20)
Again, we can absorb L and other ﬁnite pieces analytic in the quark 
mass into the LECs d¯0,1. It is also instructive to express results 
through O(Q /mN )2 for the neutron and proton EDM’s separately:
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4π2Fπ
{
g¯(0)π
(
ln
m2π
m2N
− πmπ
2mN
)
+ g¯
(1)
π
4
(κ1 − κ0)m
2
π
m2N
ln
m2π
m2N
}
, (21)
dp = d¯p + egA
4π2Fπ
{
g¯(0)π
(
ln
m2π
m2N
− 2πmπ
mN
)
− g¯
(1)
π
4
[
2πmπ
mN
+
(
5
2
+ κ0 + κ1
)
m2π
m2N
ln
m2π
m2N
]}
, (22)
where we have also absorbed analytic terms into d¯p = d¯0 + d¯1
(d¯n = d¯0 − d¯1) and evaluated the result at a renormalization scale 
μ = mN . We observe again that unlike dp , dn contains no terms 
proportional to g¯(1)π linear in mπ and that its non-analytic quark 
mass dependence ﬁrst appears at NNLO. Thus, compared to the 
estimates based on Ref. [14], the dn contributions proportional to 
κ0,1 are suppressed by two powers of mπ/mN , leading to a factor 
of ∼ 50 suppression.
In principle, the magnitude of the ﬁnite parts of the d¯0,1, cor-
responding to “short range” dynamics, may be larger than those 
arising from the loops. In practice, the relative importance of the 
short-range and loop contributions depends on the properties of 
the four-quark operator in consideration. To illustrate, we consider 
the interaction of Eq. (4). Using general chiral symmetry arguments 
and NDA [29], we expect [9,23]
g¯(1)π ∼
Λ3χ
FπΛ2
ImCϕud
(4π)2
, (23)
d¯0,1 ∼ eΛχ
Λ2
ImCϕud
(4π)2
, (24)
where Λχ = 2π Fπ ∼ mN . Substituting the estimate (23) into 
Eqs. (18) we have that
d¯NLO,loop0,1 ∼
e
(2π Fπ )2
πmπ
4mN
Λ3χ
Λ2
ImCϕud
(4π)2
∼ eΛχ
Λ2
πmπ
4mN
ImCϕud
(4π)2
. (25)
The result in Eq. (25) is suppressed by one power of mπ/mN with 
respect to the NDA estimate (24).
The non-analytic NNLO loop contributions are suppressed by an 
additional factor of mπ/mN with respect to NLO contributions to 
d0,1, and of m2π/m
2
N with respect to the short-distance low-energy 
constants d¯0,1. For the isoscalar EDM, the suppression is somewhat 
mitigated by the enhancement due to the large value of κ1.
To obtain a sense of the relative importance of various terms 
in Eqs. (21) and (22), we assume g¯(0)π /g¯
(1)
π = 0.02 as one expects 
for the source in Eq. (4). In this case, the formally LO contribution 
to dn , proportional to g¯
(0)
π , and the O(m2π/m2N) correction propor-
tional to g¯(1)π ×κn are numerically comparable. For the proton EDM, 
the NLO contribution proportional to g¯(1)π mπ/mN is about twice as 
large as the NNLO term. The two contributions enter with oppo-
site sign, and partially cancel, so that net contributions of the two 
couplings g¯(0)π and g¯
(1)
π to dp are also of similar magnitude. The 
comparison with the short-range contributions is more uncertain. 
If we use the NDA estimates of d¯n , d¯p , and g¯
(1)
π in Eqs. (23) and 
(24) we ﬁnd that the pion loops enter at the 10% to 20% level 
with respect to the short-range terms. However, deviations from 
the NDA expectations can affect this conclusion. More robust es-
timates require a ﬁrst principles determination of d¯n , d¯p , g¯
(0)
π and Fig. 4. One-loop diagram contributing to the nucleon EDM in relativistic chiral per-
turbation theory. A square marks a TVPV interaction, other vertices representing the 
T- and P-conserving interactions in Eqs. (27) and (28).
g¯(1)π in terms of the coeﬃcient Cϕud , which, at the moment, is not 
available (model estimates are summarized in Ref. [9]).
Finally our result for dn in Eq. (21) can be used to obtain a limit 
on g¯(1)π . Using the experimental upper bound |dn| < 2.9 ·10−26 e cm
[2] and assuming no cancellations with other contributions, we ob-
tain∣∣g¯(1)π ∣∣ 1.1× 10−10. (26)
This bound can be used to place an upper bound on the size of 
the EDMs of the deuteron and Hg, which are particularly sen-
sitive to isospin breaking couplings. For example, using the re-
sults of Ref. [17], Eq. (26) would limit the deuteron EDM to dd <
10−24 e cm. The bound on g¯(1)π could be converted into a lower 
bound on the coeﬃcient of the four-quark operator in Eq. (4). 
However, since the loop contributes to the nucleon EDM at the 
10/20% level, a much more stringent bound on this coeﬃcient can 
be obtained by the LEC d¯0, and d¯1, as discussed in the following 
section.
3. Comparison with earlier work
It is instructive to compare the HBChPT results with those of 
Ref. [14]. The latter compute the contribution from Fig. 4 using the 
TVPV interactions in Eqs. (5) and (13), together with the T- and 
P-conserving pseudoscalar pion–nucleon coupling
Lp = 2mN gA
Fπ
N¯iγ 5τ ·πN, (27)
the relativistic version of the nucleon propagator, and the nucleon 
magnetic moment Lagrangian
L= − e
8mN
N¯σμν Fμν [κ0 + κ1τ3]N. (28)
We have repeated the calculation using these ingredients and ob-
tain
d0 = e
(
3g¯(0)π κ0 + g¯(1)π κ1
) gA
16π2Fπ
F P
(
m2π
m2N
)
,
d1 = e
(−g¯(0)π κ1 + g¯(1)π κ0) gA16π2Fπ F P
(
m2π
m2N
)
, (29)
where, when expanded for small x,
F P (x) = 3
2
[
4
3
− 2
3
π
√
x− x log x+O(x3/2)
]
. (30)
The result obtained in Ref. [14] is similar apart from the ﬁrst term 
in Eq. (30) that is 1 in their work instead of 4/3 as we ﬁnd. The 
discrepancy can be traced back to a term containing the product of 
Dirac matrices γασμνγ α . This combination is proportional to d −4, 
but comes in front of a divergent integral. In the limit d → 4, the 
1/(d − 4) from the loop integral cancels the d − 4 in the product 
of Dirac matrices, leaving a constant piece.
Comparing with the HBChPT results in Eq. (20), we see that the 
relativistic calculation with pseudoscalar coupling yields contribu-
tions proportional to g¯(1)π κ0,1 that arise at lower order in mπ/mN . 
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counting expected in a well-behaved EFT since there appears no 
mπ/mN suppression. Using Eq. (23) in Eq. (29) would conﬂict with 
the chiral/NDA expectations in Eq. (25), overestimating the latter 
by a factor of mN/mπ ∼ 10.
The term non-analytic in the quark mass (mπ ∼ √mu,d) pro-
portional to (mπ/mN)κ0,1 in Eq. (29) respects, in principle, the 
chiral/NDA estimate, but in the HBChPT calculation this term is 
absent. We can trace this discrepancy back to the use of the 
pseudoscalar coupling in Eq. (27) which breaks chiral symmetry. 
Repeating the calculation with the relativistic axial-vector pion–
nucleon coupling that conserves chiral symmetry, we ﬁnd that the 
(mπ/mN )κ0,1 term does not appear. The ﬁrst non-analytic terms 
that appear are then proportional to (m2π/m
2
N)κ0,1, as they should 
be. We refrain from giving all details, but have conﬁrmed that 
by using appropriate matching conditions the non-analytic terms 
appearing in the HBChPT and relativistic calculation (with axial-
vector pion–nucleon coupling) are the same.6 Of course, in the rel-
ativistic calculation with pseudovector coupling there still appear 
analytic terms that are lower order in mπ/mN that may overesti-
mate the dependence of the nucleon EDM on g¯(0)π and g¯
(1)
π .
The relativistic results in Eqs. (29) and (30) describe short dis-
tance physics and can be interpreted as model-dependent esti-
mates of the size of the LECs d¯0 and d¯1. Due to the large value 
of the anomalous magnetic moments, they come to dominate the 
model estimates of d¯0 and d¯1, given in Ref. [12]. To see this dom-
inance explicitly, one may substitute the NDA estimate in Eq. (23)
into the expression for d0 given in Eq. (29), yielding an estimate 
for this short distance contribution that is larger than the NDA 
estimate in Eq. (24) by a factor of κ1 times a number of order 
unity. On general grounds, there is no a priori reason to expect the 
short distance contribution to be enhanced by the isovector mag-
netic moment. Moreover, as we have shown above, the reliance 
on a one-loop calculation to arrive at such a conclusion cannot 
be reproduced in an EFT with consistent power counting and is, 
therefore, questionable. On the other hand, the remaining contri-
butions to the nucleon EDMs calculated in Ref. [12] not generated 
by relativistic, meson theory loops are of similar size as the NDA 
estimate in Eq. (24) and, thus, appear quite reasonable from the 
EFT standpoint. More generally, we stress that the more conserva-
tive result of Eq. (24) should be used to set bounds on scenarios of 
BSM physics such as left-right symmetric models.
4. Implications and conclusions
From the foregoing discussion, it is evident that any phe-
nomenological constraints obtained from experimental limits on 
dn and the results in Eq. (29) may be as much as an order of 
magnitude too stringent. In HBChPT, the loop contributions pro-
portional to κ0,1 arise at NNLO in the Q /mN expansion, while 
κ-independent contributions start off at NLO. For the isoscalar 
EDM, the NNLO contribution is numerically comparable to the NLO 
term due to the large magnitude of κ1, whereas for the neu-
tron the NLO contribution is absent and the NNLO suppression 
is more severe. In terms of the “left-right symmetric” four-quark 
interaction (4), the NLO loop contributions and the chiral/NDA es-
timates for the short distance LEC are numerically comparable al-
though the loops can be expected to be somewhat smaller due to 
an mπ/mN suppression. Consequently, we see no reasonable way 
6 The chiral symmetry-breaking impact of the pseudoscalar coupling enters 
through the tree-level, parity-conserving, pion–photon production sub-graphs of the 
one-loop TVPV diagrams. Matching onto the HBChPT Lagrangian requires introduc-
tion of an explicit chiral symmetry-breaking operator. No such operator is required 
when matching with the relativistic, pseudovector calculation.around the mπ/mN suppression associated with long-distance con-
tributions containing g¯(1)π or the chiral/NDA estimate for the short 
distance contribution, both of which should apply to the analysis 
of EDM constraints on the LRSM. For other scenarios that lead to a 
different subset of the d = 6 CPV operators, such as the Weinberg 
operator or chiral invariant four-quark operators, the loop contri-
butions associated with g¯(1)π will be further suppressed compared 
to the short distance contributions. On the other hand, a scenario 
in which the isovector quark chromo-EDM is the dominant d = 6
CPV source will have a similar phenomenology as the LRSM.7
For the LRSM with spontaneous CPV, the relaxed constraints 
may allow for consistency between EDMs, the kaon CPV parame-
ter  , and a right-handed W -boson (WR ) with mass of a few TeV 
rather than the lower bound of 10 TeV quoted in Ref. [11] (see 
the right panel of Fig. 8 for an illustration of the impact of relaxed 
EDM constraints). In this case, discovery of the WR at the Large 
Hadron Collider would still be possible, though it would likely im-
ply that a second neutral CP-even Higgs boson would be too heavy 
to be observed.
Similar conclusions apply to the analysis of Ref. [13] that 
considered the implications of dn limits for the P-conserving, T-
violating neutron decay correlation J · pe × pν with a coeﬃcient 
denoted by D . Separating out the ﬁnal state interactions (D f ) that 
can mimic bona ﬁde T-violation (Dt ), the authors of Ref. [13] use 
the work of Ref. [12] that, in turn, relied one the relativistic me-
son theory calculation of Ref. [14], to conclude that |Dt/κ | < 10−7, 
where κ denotes the combination of Fermi and Gamow–Teller ma-
trix elements, gA , and the vector coupling gV that enters the 
correlation. This bound lies well below the computed ﬁnal state 
interaction contribution |D f κ | ∼ 10−5 with an uncertainty at the 
10−7 level. In this case, it would not be possible to disentan-
gle ﬁnal state contributions from possible LRSM contributions for 
experiment performed with 10−7 level sensitivity. However, ap-
plying the relaxed EDM constraint we obtain here would lead to 
|Dt/κ | < 10−6, opening a window for a future D-correlation ex-
periment to observe a non-vanishing LRSM effect.
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